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NATTONAT. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

COMPARTSON OF MEASURED EFFICIENCIES OF NINE TURBINE

DESIGNS WITH EFFICIENCIES PREDICTED BY
TWO EMPIRICAL METHODS

By Robert E. Engllish and Richard H. Cavicchi

SUMMARY

In the study of bturbine-power producing characteristics for various
applications, a method for predlcting the performaence of typical btur-
bines is a wvgluable tool., Efficiencles predicted by the method of
Alnley and the method of Kochendorfer and Nettles are investlgated and
compared with efflicilencles determined by experimental study of nine
high-work-output turbine designs.

The actual losses for these turbine designs were hilgher than those
predicted by the two methods. Coefficients suppllied by Alnley and a
value of bladlng-loss parameter of 0.4 were used in the methods of
Alnley and of Kochendorfer and Nettles, respectlvely; the differences in
efficiency were as much as 0.09 for Alnley's method and 0.07 for the
method of Kochendorfer and Nettles. For the method of Kochendorfer and
Nettles, the values of blading-loss parameter, which produced agreement
between measured and predicted efficlencies, range from 0.63 to 0.87.
Because the wvaluss of bleding-loss parameter have no discernible trend,
emplrical generallzation of these blading-loss paremeters weas nolt made.

The method of Kochendorfer and Nettles is sensitive to alteration
of the assumption governing the computed value of the supercritical-—
flow deflection and is sensitive in verying degrees to the computed
loss due to overexpansion. For two of these turbine designs, a blading-
loss parameter which produced agreement between the predicted and mea-
sured efficiencies at the design points produced close agreement over
s wide renge of totasl-pressure ratios and for blade speeds as low as
two-thirds of design blade speed.

INTRODUGTION
In the study of turblne power-producing characteristices for various
applications, a method for predicting the performsnce of typlecal turblnes

1s a valugble Ttool. Empirical methods for predicting turbine perform-
ance are presented in references 1 and 2. In reference 1, a comparison
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is made between the measured and predicted efficlerncies of 11 turbine
dealgns at thelr design points., Reference 1 furnishes all necessary
loss data In the form of curves of loss coefflcients plotted as empir-
ical functions of warious elements of bleding geometry. The method of
reference 2, howéver, reguires selection of a value of blading-loss
paremeter in order to predict turbline efficlency; in thls reference the
value of the blading-loss paremeter for ome particular commercial air-
craft gas turbine is determined. An additlonsl advantage of the method
of reference 2 is that once a value of blading-loss parsmeter has been
chosen, the method provides informabtion on off-design-point as well as
deglgn-polnt performencs.

The comparison presented herein was made at the NACA Lewis
laboratory

(1) To determine how closely the method of reference 1 predicts
the design-point efficiencies of nine bturblhe deslgns whose measured
performances were avalleble at the NACA Iewls laboratory.

(2) To determine how closely the method of reference 2 predicte
the degign-point efficiencles of these nlue bturblne designs if a
blading-loss parameter of 0.4 is employed, the value used to predict
satisfactorily the performesnce of the turbine Inyestigated in refer-
ence 2.

(3) To determine the values of blading-loss parameter which must
be employed with the method of reference 2 in order to effect agreement
between the messured and predicted design-poilnt efficlencies of these
nine ‘turbine desgigns.

(4) To investigate the sensitivity of the method of reference 2 to
alterstion of the assumptions governing supercritical-flow deflection
and. overexpansion. :

(5) To compere the measured off ~-design-polnt performsnces of two
turbine designs with those predlcted by th_e method of reference 2.

The nime turbine blesding designs, herein.designated A to I, have
a single one-dimensional basils and were designed for a single gset of
gervice conditions; the design value of over-all botal-to-statlc-
pressure ratio is 4.0. For the selected design conditions, the work
output per stage for the nine turbine designs is higher than that for
the turbine investigated in reference 2 and probably also higher than
the work oubput per stage of the turbines investigated in reference 1.
The design technigues employed for the nilne turbine designs produce
very small redial verletlons in blade shape and orientatlon and, as a
result, the design velues of radlal variations in pressure did not
balance the radial accelerations. This gituation probably adversely
affected the rotor-entrence flow direction near the blade ends.

g8Tze
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Throughout this investigatlion only mesn-radius conditions are
considered because:

(1) In references 1 and 2, the methods of performence predictions
are congldered dependent on the geometry only abt the mean radius.

(2) The hub-tip radius ratio was comparatively high.

(3) The profile shapes and orientations of both stator and rotor
blades varled only slightly wlth radius.

Actusl performences of the nlne turblne designs were determined
by means of the apparatus and the procedurs described in referencs 3.
Air at 710° R and approximately atmospheric pressure was the driving
medlum, and the turbine oubtput was based on measured torque. For total-
pressure ratios of 2.0 or greater, the probable error in the internal
efficlency was about 0.01l. The measured over-all performence of the
nine turbine designs 1s presented as well as the design-point
performance.

DESCRIPTION OF BLADING DESIGHS

The general design conditions for all nine turbine bleding designs

are:

Over-all total to static-pressure ratlo . . . . . . . . . . « . . 4.0
Equivalent mean blade speed, ft/sec . . . B43
Equivalent weight flow per unit Frontal a:r'ea, l'b/(sec) (sg_ ft) . 4.69
Hub-tip vadiug ratio . . . . . . . . . e s e s s s e e s . « « 0.80

One turbine design, which is typlocal of the nine designs, 1s
descrlbed in detall in reference 3. The turblne geometry wes deter-
mined by dimensional inspectlon of the actual blade profiles. Perti-
nent chsracterigtics of the nine turbine designs are presented in
table I. The veloclty dlagrams of the nine turbine desligns are such
that the stator choked for each design. Because the design comditlions
resulted In a single stator design, one stator was used for investl-
gation of the entire series of nine turblne deslgns. Table I therefore
primerily relates rotor characterlistics. These characteristlics, which
are tabulated, either are necessary in appllication of the methods of
references 1 and 2 or are employed 1n iInvestigating variations in the
method of reference 2.

RESULTS AND DISCUSSION

The methods of references 1 and 2 are based principally upon
volocity-dlagram computations. Inasmuch as the over-all total-to-static
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pressure ratlo, equivalent mean blade speed, eguivalent weight flow per
unlt of frontel area, and hub-tip radius ratio were specified for the
entlire series of nine turbine desligng, only one additional variable
remains to be speclfied 1n order to determine each veloclty dlagram
completely. Thus, among the nine turbine desligns only one additionsal
variable may be specified independent of- the others. This varisble
could be, among others, smount of reaction, stator total-to-static-
bresgure ratlo, rotor-entrance Mach number, or rotor-exlt tangential
veloclty. TFor thls Investigation, amount of reaction wes chosen as the
basis for classificatlion and as such serves only to identify the various
turblne designs and to describe the amount of variation from design to
deslgn. Reactlion 1s defined herein as the ratio of static enthalpy
drop across the rotor to the isentroplc enthalpy drop from inlet total
to exlt static pressurs.

In the performsnce evaluatlon of the nine burbine designs, the
tangential component of absolute veloclity at the rotor exit was assumed
to be unrecoverable. Thus, for determination of both predicted and
measured efflciency, the exlt total pressure was in each case deter-
mlned by credlting the turbine with only the axial component of
voloclty.

The over-all performence of each of the nine designs 1s presented
in figure 1. The operating condition for which the total-to-static-
pressure ratio ls 4.0 and the equivalent mean blade apeed ias 643 feet
per second ls deslignated on each performance map as the design point.
Tittle variation in the general performsnce characteristics occurs o
emong the nine turblne degigne. The design-point efficiency ranges
from 0.80 to 0.84 and the maximm efficiency from 0.82 t6 0.85 within
the range invegtlgated. With the posslble exception of design G, the
equlvalent mean blade speed at the polnt of greatest efficiency for
each deslgn 1is greabter than the deslgn value.

Method of Refserence 1

In figure 2, the design-point efficiencies predicted by the method
of reference 1 for the nine turbine designs are presented as a function
of amount of reaction. For purposes of comparison, the measured values
of design-point efficiency are also plotted. The measured efficlencies
of all turbine designs are lower than the corresponding predicted effic-
iencles, the differences verying between 0.03 and 0.09. The increagse 1n
rotor-blade 1ift coefficient of design H, which is agsociated wilth
increaging blede pitch from 0.278 to O. 396 inch, results in a slightly,
but discernably, lower value of predlcted efficiency. The measured
efficiency 1s generally considerebly lower thaen the predicted efflc-
iency probably because the work output per stage and the Mach numbers
are higher and the radisl variation in rotor angle of incidence is more

severe for these nlne turbine des1gns than for Ehe turbine on which
the correlation of reference 1 is based.

‘8122
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Method of Referencé 2

Values of blading-loss parameter from 0.3 to 0.5 generally encom-
pessed the range of variation in efficiency of the turbine investigated
in reference 2. Design-point efflciencles of the nine turbine designs
as predicted by the method of reference 2 (essuming & blading-loss
paremeter of 0.4) are presented in figure 3 with the measured design-
point efficlencles. Choice of & blading-logss parsmeter of 0.4 resulted
in an overestlmatlon of the efficlency of the nlme turbine designs of
0.03 to 0.07. Cholce of a higher value of blading-lose parsmeter would
have resulted 1n closer agreement be'b'wé,en the predicted and measured
officlencles. The spread of 0.04 In the differences would probebly
have remained about the seme 1f a different, single value of blading-
loss paremeter hed been selected. Chooging appropriate values of this
logs parameter for each design requires elther a knowledge of the
actual turblne performance near the design point or an ability to pre-
dict the origin and megnitude of loss.

Because the measured performances of these nline turbine deslgns are
available, the values of measured design-point efficiency were employed
to determine the bladlng-loss paremeter for each of the nine turbine
designs. The values of blading-loss parameter which result in agree-
ment between the predicted and measured efficlencies are presented in
Pilgure 4. Tn contrast to the values of bladlng-loss parameter of 0.3
to 0.5 which encompass the range of measured efficlencies In reference 2,
Tigure 4 shows values of blading-loss parameter of 0.83 to 0.87.

The principal differences bebtween the flow conditions in the burbine
consldered Iln reference 2 and the nine turblne deslgns considered herein
are (1) the work output per stage is higher, and (2) the radial varia-
tions in rotor-entrance angle of inclidence are probaebly greater for the
nine turbine designs. Because of & reduced turbine-inlet temperaburs,
the ‘ratlio of specific heate used 1n thils investlgation was 1.40 compared
with 1.34 1n refersnce 2; however, this secondary difference should not
increase the calculated turbine logses. The principal dlfferences stabted
previously are the Tactors that probably account for the vsasrigblion in
bleding-~loss parameter between reference Z and this investigation. RNo
discernable pattern of varlation in blading-loss perameter was evlident
for the nine turbine designs Investligated, therefore general conclusions
concerning the varistion in thils parameter were nc?t drawn.

For operation of blade rows at supercritical pressure ratlos,
reference 2 agpumes that for a given chenge in Mach number the flow-
angle deflectlon at the bhlade-row exit is that which arlses from
Prandtl-Meyer expansion of e uniform supersonic stream sbout a- single
corner. As discussed in reference 4, ‘'the valildity of thils assumption
rests on either promlnent wake reglons or discontinuity ln mess flow.
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Overexpanslion also influences the performance of blade rows. at
gupercritical pressure ratios. Overexpansion results from excessive—
channel divergence and produces shock losses generally avoided in
turbine design. As shown in table I, designs A, ¢, and I have channel
divergence; these dlvergences resulted from inaccuracy in manufacture.

In order to investigate the effect of supercritical-flow deflecticmn
and overexpansion on performence computatlons by the method of refer-
ence z, additional velues of blading-loss parameter were determined for
the following condlitions:

(1) One-dimensional continuity was assumed to debtermine super-
critical-flow deflection; this assumption wes made for designs A, R,
and I. h

(2) In aeddition to the loge compubed by use of a blading-loss
parameter, an additional loss due to overexpansion was consldered for
those designs (A, C, and I) having channel divergence. The method of-
computabtion remained otherwlse unchanged. The values of blading-loss
parameter thus determined are presented in figure 5 with the values of
blading-loss parameter of deslgns A, C, B, and I replotted from figure 4.

The values of blading-loss parameter both Increassed and decreased
as a result of changling the assumption governing the computed value of
supercritical-flow deflection (fig. 5). This dual variation results
from two opposing effects end the directlon of the change in blading-
logs parameter depends on which effect predominates. One effect occurs
at the stator exit and the other at the rotor exilt.

As the sbator-exit condltions are asswmed to vary, the ratlo of
total pressure (relative to the rotor) to the square root of the total
temperature (relative to the rotor) must remsin nearly constant 1f both
rotor and stator are to continue to choke; for constant blade speed,
this results in only small variations in stator-exlt tangential velo-
clty and total pressure and temperature relative to the rotor. The
sssumed change in supercritical-flow deflectlon produces a decrease in
total-to-static~pressure ratio at the stator exit for the nearly con-
stant stator-exlt tangential velocity. In order that the over-all lass
ghell be constant, the bleding-loss parameter must increase because the
stator-exit snd rotor-entrance velocitles are reduced.

As the rotor-exit conditions are assumed to vary, the ratio of
total pressure (relative to rotor) to the robor-exit static pressure is
nearly constent; this relation results from the small variations 1n
total pressure relative to the rotor as discussed previously and the
constant value of rotor-exit statie pressure assigned in design.
Changlng the supercritical-flow-deflection assumption Ilncreased the
rotor-exit tengential velocity, thereby increasing both turbine work

qres
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and leaving loss. Because the increase in leaving loss predominates,
the net effect 1s to decrease +the blading-loss parameter.

For deslgn A, the stator-exit total-to-statlc-pressure ratio 1e
gpprroximately 4.0 and the relatlive veloclty abt the rotor exit is
slightly subsonic. The effects of change in stator-exit comditions
therefore predominate, and the bladling-loss parameter lncreases fram 0.70
to 0.89 for design A. For design I, the stator-exlt veloeclty is low

‘relative to the other turbine desilgns, the relative rotor-exlt velocity

is supersonic, end the exlt tangential veloclty is high compared wlth
the other designs. Because the rotor-exit conditions predaminate, the
result of changlng the supercritical-flow-deflection assumptlon is to
decrease the blading-loss peremeber from 0.87 to 0.86. The reaction of
design E lies between the rsactions of designs A and I and thus the
blading-loss parameter for design E was reduced by an Iintermediste
amount from 0.68 to 0.80. These results show that the value of blading-
loss paramster in reference 2 ls sensltlive to changes in the assumptlons
governing supercritical-flow deflsction.

The loss due to overexpanslion was estimated from the chart in
reference 5. Design A, although having channel dlvergence, was not
penallized by a loss due to overexpansion because the compubted velocltles
do not require a supercritlical pressure ratlio across the rotor. For
des ign G, the channel divergence ls very nearly that required for ideal
su:personic expaneion with the result that & negliglble changs in blading-
loss peremeter was obtalned. For design I, the bladlng-loss paramster
was changed from 0.87 to 0.82. Thus, the values of blasding-loss psram-
eter in reference Z are sensitive in verying degrees to loss due to
overexpansion.

0ff-Design-Point Performance by Method g
of Reference 2

In the course of some earllier work, the over-all performances of
designs A and E were compubted by the method of reference 2. These pre-
dicted performences are compared in flgure 6 with the measured perform-
ances. For designs A and E, blading-loss parameter of 0.80 and 0.70,
regpectively, were chosen; therefore exact agreement between the pre-
dlcted and measured efficlencles was not obbalned at the design polnts;
in each case, the predicted design-polnt efficiency is about 0.0l high.
In general, the msasured and predicted efflciencles are In close agree-
ment, the maximm difference for blade speeds as low as twoxthirds of
design blede speed being only 0.05. In particular, at high blade speeds
and low tobtal-pressure ratios the agreement 1s excellent. The llnes
representing sn egquivalent mean blade speed of 650 feet per second do
not coincide because of the difference between predlcted ani measured
weight flows. Although & dlscharge coefficlent of 0.98 weas assumed for



8 . NACA RM ES51F13

both turbine designa, a discharge coefflclent of 1.03 produces better
agreement. The results for these two turbine designs show that a
blading~loss parameter and discharge coefficlent which produce agreement
between the predicted and measured performsnces at the design points can
be used with good accuracy to predict performance over a wide range of
total-pressure ratlios and for blade speeds as low as two-thirds of
deslgn blade speed.

SUMMARY OF RESULTS

For nine turblne deslgns Iincorporating high work output per stage,
deslgn-point efficlencles predicted by the method of Alnley and the
method of Kochendorfer and Nettles were compared wlth measured effic-
lenclies. Values of blaeding-lose parameter which produce agreemeunt
between measured and predicted efficiency were determined by the method
of Kochendorfer and RNettles. The sensitivity of the method of
Kochendorfer and Nebttles to alteration of assumptions governing flow
condltions was investigated. For two of the nine burbline designs, the
off -deslgn-polnt performence predlcted by the method of Kochendorfer
and Nettles wes compared with the mesasured performence. The followling
results were obtained: ’ ' ’

(1) Measured losses of the nine turbine designes were higher than
the logses predicted by both methods. Coeffliclente supplied by Alnley
and a bladlng-loss paremeter of 0.04 were used in the methods of Alnley
and of Kochendorfer and Nettlea, respectlively; the dlfferences in effic-
lency wore as much ag 0.09 for Alnley's method and 0.07 for the method
of Kochendorfer and Nettles.

(2) For the method of. Kochenddrfer and Nettles, the values of
blsding-loss paremeter which produced agreement between measured and
predicted efficienclies ranged from Q.63 to 0.87. Because the values
of blading-loss parsmeter had no discermible trend, emplrical general-
1zation of these blading-loss parameters was not made.

(3) The method of Kochendorfer and Nettles was sensitive to alter-
ation of the agswmption governing supercritical-flow deflectlon, and
it was sensitive in varyling degrees to loss due to overexpansion.

(4) For two of the turbine designs investigated, & blading-loss
paraemeter which produced agreement between the predilcted and measured
efficiencies at the design polnts produced good agreement over a wlde
range of total-pressure ratios and for blade speeds as low as two-
thirds of design blade speed.

Iewls Flight Propulsion Isborstory,
Netional Advisory Cammittee for Aeronsutics,
Cleveland, Ohlo, Msy 15, 1951.

8122



2218

NACA RM E51F13 Rl 9

REFERENCES

Alnley, D. G.: An Approximate Method for the Estimation of the
Design Point Efficlency of Axial Flow Turbilnes. Memo No. M. 59,
British N.G.T.E., Aug. 194S.

Kochendorfer, Fréed D., and Nettles, J. Cary: An Analytical Method
of Estimating Turbine Performance. NACA Rep. 930, 1949.
(Formerly NACA RM ESI16, 1948.)

English, Robert E., and Hausger, Cavour H.: Turbine~Rotor-Blade
Designs Based on One-Dlimensioneal-Flow Theory. I - Performance
of Single-Stage Turbine Having 40-Percent Reactlon. NACA RM
ESC15, 1949.

Hauser, Cevour H., Plohr, Henry W., and Sonder, Gerherd: Study of
Flow Conditlons and Deflectlion Angle &t Exit of Two-Dlmensional
Cascade of Turbine Robor Bledes at Critical end Supercritical
Pressure Rabtlog. NACA RM ESK25, 1950.

Goudie, William G.: Steam Turbines. ILongmans, Green and Co.
(Iondon), 24 ed., 1922, pp. 253-255.



ot

TABLE I - CHARACTERISTICS REQUIRED FOR EFFICIENCIES PREDICTED
ACCORDING TO REFERENCES 1 AND 2

[Ratio of specific heats, 1.4; blading-loss parameter,
0.4; discharge coefficient, 0.98; stator throat area,
0.118 sq ft; stator-blade exit sngle, 70°; equivalent
mean blade speed, 643 ft/sec; blade pitch, 0.278 in.;
blade height, 1.47 in. All angles are meastred from

sxial direction.]

. Turbine design
A B c D iH F G H I
Rotor throat area, (sgq ft) 0.2521 0,224 10,2101 0.205| 0.202 1 0.201 | 0.195 | 0.194 [0.182
Rotor charmnel diverges Yes No Yes Ko o Ko No TNo Yes
Rotor-blede entrance angle .
(deg) 44 41 47 41 45 35 42 44 37
Rotor-blade exit angle (deg) 47 52 33 55 55 56| ' 56 58 o4
Blede chord, (in.) 0.612| 0.635 | 0.608 | 0.615 | 0.641 | 0.638 | 0.632 | D.822 | 0.645
Blade pitch, (in.) 0.278] 0.278 | 0.278 | 0.278 | 0.278 } 0.878 | 0.278 | 0.396 {0,278
Computed ratio of rotor-
exlt to -entrance axial _
veloclty (0.858| 1.182 [1.612 | 1.476 | 1.616 | 1.437 | 1.711 | 1.679 |2.249
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Equivalent turbine shaft work, Btu/lo

28 |-

20|
ul
12-L

Total-
pressure
mtio

| &.00

‘ —
Internal officlency
[ 1 I | l . o o d | I I ] 1 i
30 &0 70 80 8¢ 100 110 120 130 140 150 1&0 170 120
Ratlo of equivalent mesp bBlade spesd to aquivalent weight Plow
(s} enti . HAGR

Pigure 1. - Conklmied, Over-sll turdine parformance.

CTITST WY VOVH




Equivalent turbine shalt wark, Btu/lb
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Blading-loss parameter
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Equivalent turbine shalt work, Btu/1b
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Equivslant turbine shaft work, Btu/ib
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